Functional significance of polyQ tracts
=======================================

PolyQ tracts are common in eukaryotes and are present in 0.5--8% of their proteins depending on the organism, for example, in 0.7, 1.5 and 5% of *Homo sapiens*, *Saccharomyces cerevisiae* and *Drosophila melonogaster* proteins, respectively. This alone seems to hint at an important function and, indeed, polyQ domains were prevalently found in proteins which are involved in transcription regulation, alternative splicing and several other functions and have nuclear localization. It has been demonstrated that polyQ domains are often present in proteins with numerous interaction partners and thus seem to be involved in protein-protein interactions.[@R1]

PolyQ tracts can change their length due to DNA repeat instability, which is thought to result from abnormal DNA structures interfering with DNA replication, repair and recombination.[@R2] PolyQ length polymorphism is important for adaption to specific changes in environment and genetic background. For instance, polyQ length variation in the *Clock* gene has been shown to correlate with breeding date in several bird species.[@R3] Also, variation of polyQ length in the *ELF3*-encoded protein affects flowering time in *Arabidopsis thaliana*[@R4] and polyQ length polymorphism in the product of the WC-1 gene affects circadian clock period in *Neurospora crassa*.[@R5] Similarly, efficiency of the interactions of the human androgen receptor (AR) with coactivators and repressors depends on the length of its polyQ domain which is probably of optimal length in a given genetic background, since changes in its size compromise functionality.[@R6] This indicates that variation in polyQ length may enable quantitative control of various protein activities or interactions and, therefore, can be subject to natural selection.

Role of polyQ in pathology
==========================

Proteins with polyQ domains have also been extensively studied due to their role in various diseases, such as Huntington disease, spinocerebellar ataxias, etc. Elongation of the polyQ tract beyond a certain threshold can result in the formation of highly stable, insoluble fibrillar protein aggregates, called amyloids. Notably, longer polyQ tracts are associated with more rapid amyloid formation and faster disease progression.[@R7]

Amyloids and possibly other misfolded forms of proteins with expanded polyQ, seem to cause cellular toxicity through a number of mechanisms, including the sequestration of essential cellular proteins. The latter mechanism has been directly demonstrated in a yeast model of Huntington's disease.[@R8]^-^[@R10] In this model it was shown that toxicity of mutant human huntingtin is caused by the ability of its polymers to induce polymerization of essential cellular glutamine/asparagine (Q/N)-rich proteins and related sequestration of other proteins which interact with these polymers. This mechanism is also likely to be of importance for mammalian polyQ diseases, since amyloids of proteins with polyQ domains can cross-seed the polymerization of numerous mammalian proteins with important functions.[@R11]^-^[@R14] Thus, since elongation of polyQ domains can cause cross-amyloidogenesis of cellular proteins and have a deleterious effect, elongated polyQ should be subject to negative selection.

Yeast prions
============

*S. cerevisiae* were found to have numerous proteins which can form amyloids, when produced at high levels.[@R15] However, while most such amyloids disappear upon normalization of the protein level, some of them persist, being inherited in cell divisions. Such amyloids are called yeast prions. Most of the known yeast prion proteins possess domains which are rich in Q and N residues, making them similar to proteins with polyQ and polyN tracts. However, in contrast to amyloids formed by proteins with polyQ and polyN tracts, which can severely slow yeast cell growth at high expression levels[@R16]^,^[@R17] and cause oxidative stress when produced at more moderate levels,[@R18] prion amyloids do not usually cause overt toxicity.

Yeast prion proteins only rarely convert into amyloid form at their endogenous production levels. For example, the prion form of Sup35, denoted as \[*PSI*^+^\], appears de novo only in \~6 x 10^−7^ cells[@R19] in the presence of another prion, \[*PIN*^+^\], which stimulates conversion.[@R20] Low frequency of the de novo appearance of such amyloids seems to be related to the amino acid heterogeneity of yeast prion domains (PrD), since replacement of the first 40 amino acids of the Sup35 PrD with a tract of 62 glutamine residues generated a protein, which was capable of conversion into the prion state with high frequency (\~1 x 10^−2^) at production levels similar to those of Sup35.[@R21] This suggests that amino acid heterogeneity imposes a restriction on the number of ways the PrDs interact in a polymer, thus leading to an in-register interaction, in which identical residues of the PrD in neighboring monomers of a polymer are adjacent to each other.[@R22] There is no such restriction for uniform polyQ sequences[@R23] and thus, they should be more prone to amyloid formation. Since yeast prion amyloids rarely arise de novo, their continued existence is entirely dependent on their inheritance. This is facilitated by the Hsp104 disaggregase and chaperones from the Hsp70 (Ssa1) and Hsp40 (Sis1) families. These proteins act in concert to fragment prion amyloids, thus increasing the number of prion particles and ensuring prion transmission to daughter cells (reviewed in ref. [@R24]). However, despite yeast cells having machinery for prion propagation, the biological significance of yeast prions remains the subject of debate.

PrDs may have originated from PolyQ/N
=====================================

Recent data obtained in our lab suggest that the susceptibility of prion amyloids to fragmentation is intimately related to the presence of non-Q/N residues in their PrDs. While amyloids formed by proteins with uniform polyQ tracts are inefficiently fragmented in yeast, interspersion of these tracts with tyrosine[@R25] and some other non-glutamine residues[@R26] stimulates polymer fragmentation. We also noted that yeast PrDs are often rich in only one of these fragmentation-promoting residues ([Table 1](#T1){ref-type="table"}). For example, the Sup35 PrD has \~16% tyrosine, the PrD of Cyc8 has \~20% alanine, while Ure3 and Rnq1 PrDs are rich in serine.

###### **Table 1.** Оccurrence of fragmentation-promoting amino acid residues in yeast PrDs

  --------------------------------------------------------------------------------------------------------------------------------------------
  Amino acid   Prionogenic protein[@R15]^,^[@R27]^-^[@R31]^,^   Average in\                                                              
                                                                *S. cerevisiae*                                                          
  ------------ ------------------------------------------------ ----------------- ---------- ---------- ---------- ---------- ---------- -----
  Tyr          **16.1**                                         5.9               0          0.6        1.3        1.72       5.7        3.4

  Trp          0                                                0                 0          0          0          0.19       0          1

  Phe          3.2                                              3.6               2.4        0.6        0          4.4        2.0        4.5

  Ala          4.8                                              5.1               1.2        **20.5**   **8.9**    **6.1**    **8.8**    5.6

  His          0                                                1.6               1.2        2.3        **7.6**    0.8        **7.5**    2.1

  Ser          3.2                                              **15.4**          **11.8**   2.8        **13.9**   **10.7**   **10.2**   8.9

  Thr          0                                                0.8               5.9        1.7        **8.9**    **7.6**    5.0        5.9

  Cys          0                                                0                 0          0          0          0.2        0          1.3

  Met          0.8                                              2.0               2.4        1.1        5.1        1.7        2.4        2.1
  --------------------------------------------------------------------------------------------------------------------------------------------

Numbers represent percentages of amino acid residues in PrDs of indicated proteins. The extents of PrDs were taken from Alberti et al.[@R15] Amino acids are in order of decreasing stimulatory effect on fragmentation (top to bottom).[@R26] Bold indicates the most abundant fragmentation-promoting residues.

Thus, yeast PrDs can be viewed as polyQ sequences which are highly interspersed with fragmentation-promoting amino acid residues. Such sequences are likely to be less efficient in driving amyloid formation than uniform polyQ tracts, however the resulting amyloids should be prone to fragmentation by Hsp104. These findings allowed us to propose that yeast PrDs may have originated from polyQ by means of mutational substitutions of Q for fragmentation-promoting residues which can then be amplified by repeat expansion. The latter process would enrich the sequence in each case with only one fragmentation-promoting amino acid residue. Since insertions of 9 out of 18 non-Q/N residues into every fifth position of a polyQ domain were found to promote polymer fragmentation,[@R26] the mutated proteins would be rather likely to form fragmentable polymers if they retained the ability to convert into amyloid form. Amplification of areas of polyQ with mutations should result in various types of repeats, which are often present in yeast prions proteins (QA repeats in Cyc8, QG repeats in Rnq1, YNPQGGYQQ repeats in Sup35).

The frequent coincidence of structurally similar Q and N residues in yeast PrDs could be explained by the possibility of interconversion between polyQ and polyN as a result of frameshift mutations in tandem repeats of CAA or ACA triplets, respectively. In support of this possibility, alignments of the amino acid sequences of homologs of several proteins from different strains of *S. cerevisiae* show that polyN can appear from polyQ (e.g., Cyc8, Pin3) and vice versa (e.g., Rlm1) ([Fig. 1](#F1){ref-type="fig"}). Notably, polyN sequences, similar to polyQ, are common in yeast, display polymorphic length and can drive amyloid formation and toxicity.[@R17] Thus, they may also be able to generate prion-like sequences via the mechanisms described above.

![**Figure 1.** Results of frameshift mutations in polyQ or polyN tracts. (A) frameshift mutations in a polyQ tract encoded by CAA codons result in a tract of polyN. (B) Alignments of portions of the Q/N-rich domains of Cyc8, Pin3 and Rlm1 from various yeast strains. S228, LALV and Y10 denote S228c, LalvinQA23 and Y10 strains of *S. cerevisiae*. Sequences were taken from the Saccharomyces Genome Database. "**˅**" depicts the position of deduced frameshift mutations, which convert the sequences of LALV and Y10 proteins into sequences which are nearly identical to the S288 sequence (highlighted in gray).](prio-7-209-g1){#F1}

An essential consequence of our hypothesis is that if PrDs derive from polyQ or polyN, they should contain specific traces of being descended from such domains. Such traces can be revealed by comparison of sequences of known PrDs and their homologs from various yeast species (e.g., in Ure2). This analysis demonstrates that such homologs may contain Q/N-rich regions with different patterns of amino acid interspersion in the PrD, indicating that their common ancestor had a uniform polyQ domain which accumulated various interspersions in different lineages ([Fig. 2](#F2){ref-type="fig"}). Many proteins with polyQ and polyN tracts which have not been assayed for their prionogenicity also vary by their interspersion pattern in different yeast species, such as in Nab2 ([Fig. 2](#F2){ref-type="fig"}).

![**Figure 2.** Alignments of homologs of the yeast prionogenic protein Ure2 and Q/N-rich protein Nab2. Conserved sequences are highlighted in gray. Various types of interspersion of polyQ and polyN indicate that the observed sequences are all descended from a polyQ or polyN tract. Similar divergent interspersion patterns can be observed in PrDs and Q/N-rich domains of many other yeast proteins.](prio-7-209-g2){#F2}

An additional important issue for the suggested hypothesis is whether the functional role of a polyQ/N domain is conserved after it has been interspersed with other residues. In general, since a key feature of both polyQ/N and interspersed Q/N-rich sequences is structural disorder, this does not seem implausible. More specifically, the activation domain of the transcription factor Gal4 can be replaced with either a polyQ[@R32] or with PrD of Sup35 (our unpublished observation), both of which allow efficient transcription activation, which means that these sequences are more or less equivalent for this function. Also, the prion domains of Sup35 and Ure2, have functions which are unrelated to their prion nature.[@R33]^-^[@R35] Since prion domains are not conserved, these functions are probably not strictly dependent on primary sequence and could have been inherited or evolved from ancestral polyQ/N.

The probability of interspersion of polyQ (and possibly polyN) tracts with non-glutamine residues should be greatly increased if it confers a selective advantage. This is plausible due to the following reasons: (1) mutations within polyQ are known to stabilize polyQ length by lowering repeat length instability which is important because polyQ domains, at least in some cases, seem to have an optimal length for the functioning of their respective proteins[@R6]; (2) appearance and amplification of non-glutamine residues in polyQs is likely to lower the frequency of their conversion into amyloid due to the appearance of a register restriction, which may be advantageous, since most amyloids should be detrimental; (3) interspersion of polyQ with other amino acid residues may decrease toxicity of their amyloids, since such amyloids can be significantly less efficient in amyloid cross-seeding of the essential Q/N-rich protein Sup35, than polyQ amyloids.[@R36]

To summarize, interspersion of polyQ or polyN with non-Q/N amino acids is likely to be a common event since it can be favored by natural selection. Interspersion could confer prionogenic properties onto the polyQ/N protein, since interspersing residues can stabilize the monomeric state by decreasing amyloid conversion rates and stimulate fragmentation of amyloid polymers by Hsp104, thus enabling their propagation and inheritance.

Possible scenarios of PrD emergence
===================================

All the considerations presented above allow us to speculate how yeast PrDs may have arisen from polyQ or polyN. We propose two scenarios, one that starts with an elongated polyQ/N and another, which starts with a short polyQ/N.

For the first scenario it is important that long polyQ (and possibly N) are prone to further expansion and this should be counterselected due to their increasing propensity for amyloid formation. Mutations in such polyQ/N should be favored due to alleviation of this disadvantage. Once a mutation appears, it can be amplified by the same mechanisms that elongate polyQ/N sequences, turning it into a long heterogenous Q/N-rich sequence.

In the second scenario the process starts from a short, functionally important polyQ/N sequence, which is under selective pressure to expand in response to environmental changes. However the potential advantage of such polyQ/N expansion may be counterbalanced by the disadvantageous aggregation of the expanded protein. In this case, a short polyQ/N sequence may acquire mutations and then expand, thus amplifying these mutations and forming a long heterogenous Q/N-rich domain which is less prone to aggregation and, therefore, not deleterious.

Notably, this hypothesis does not require that the prion properties of proteins be advantageous in their own right. In contrast, we suggest that PrDs could have appeared as a byproduct of mutations in polyQ (or polyN) domains, which means that they are most likely to exist due to their functional activity inherited from polyQ/N. However, if the acquired prion properties are advantageous, as was suggested for Sup35,[@R37] their further evolution could be supported by positive selection.
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